Abstract. In the present study, frontal crash simulations were conducted to determine the effect of various car speeds against the Head Injury Criterion (HIC), a measure of the likelihood of head injury arising from impact. The frontal impact safety of ITB's formula SAE race car designed by students was evaluated as a case study. LS-DYNA ® , an explicit finite element code for nonlinear dynamic analysis was utilized in the analysis. To analyze head injury, a two-step simulation was conducted. In the first step, a full-frontal barrier test was simulated without incorporating a dummy inside the car. The output was the deceleration data of the car, which was used as input in the second step, a sled test simulation. In the sled test, only the cockpit and dummy were modeled. The effect of deceleration to the head of the dummy was then evaluated. The results show that HIC values at an impact speed of 7 m/s (25 km/h) to 11 m/s (40 km/h) were below the safe limit and still in the safe zone. However, the HIC values will exceed the safe limit when the speed of impact is the same as or greater than 12 m/s (43 km/h).
Introduction
The Society of Automotive Engineers (SAE) hosts a number of student design competitions, one of which is Formula SAE ® , which challenges students to design a formula-style race car. One of the essential aspects is safety, especially in the impact attenuator (IA) and seatbelt design. The IA absorbs kinetic energy during frontal impact, while the seatbelt restrains the driver's body from moving forward due to deceleration. According to the 2013 Formula SAE Rules [1] , the AI has to be able to absorb sufficient impact energy, i.e. when mounted on the front of a vehicle with a total mass of 300 kgs (661 lbs) that runs into a solid, non-yielding impact barrier with an impact velocity of 7.0 meters/second (23.0 ft/sec), it will give an average deceleration of the vehicle not exceeding 20 G, with peak deceleration less than or equal to 40 G. Total energy absorbed must equal or exceed 7350 joules.
Vehicle collision can cause mild to severe injuries and even fatality. Statistically, frontal collisions are the main cause of fatality during motor vehicle accidents [2] . Common injuries that can be caused by frontal collision are head injuries, thoracic injuries, and internal injuries. Studies on accidental injuries have been reported in many works [3] [4] [5] [6] [7] [8] [9] [10] [11] . Head injury assessment can be made by measuring the Head Injury Criterion (HIC) value, a measure of the likelihood of head injury arising from an impact. In 1998, the Alliance of Automobile Manufacturers proposed the Injury Assessment Reference Value (IARV), a safe limit of the HIC value in the event of accident, to be set at 700. Head injuries would be unlikely to occur when the HIC 15 value is below 700 [3] .
Although the injury limit is not mentioned in the Formula SAE Rules, it is desirable to evaluate the safety of ITB's formula SAE race car structure based on an analysis of possible head injuries due to frontal collision. In the present work, frontal crash simulations were conducted to determine the effect of impact speed on the HIC value of the occupant. LS-DYNA ® , an explicit finite element code for non-linear dynamic analysis, was utilized in the analysis.
Head Injury Criterion
The Head Injury Criterion (HIC) as a widely used parameter today to evaluate head injury due to accidents has a historical basis in the work of Gadd from 1961 [12] , who introduced what is known as the Gadd Severity Index (GSI). Later, Versace in a study to review the GSI [13] proposed a version of the current HIC in 1971 as a measure of average acceleration that correlates with the Wayne State Tolerance Curve [14] . The HIC is defined as in Eq. (1):
where a(t) in Eq. (2) The HIC has been adopted in the design of automotive head protection equipment, such as helmets. This criterion is also used by Federal Motor Vehicle Safety Standard (FMVSS) 214 as one of the criteria to assess head injuries. Payne [10] has conducted a study to find the correlation between HIC values and brain and skull fracture injury levels. The results are shown in Tables  1 and 2 . Table 2 Proposed HIC tolerance levels correlated to skull fracture [10] .
Injury Level Proposed Tolerance Level
< 500 2 (Minor fracture) 500-900 3 (Major fracture) 900-1800 4 (Life threatening) > 1800
Modeling

Race Car Model
A model of ITB's FSAE race car is shown in Figure 1 . To simplify the simulation process, only the main components of the car were modeled, i.e. impact attenuator (IA), anti-intrusion (AI) plate, tires, frames, engine, a-arm and cockpit. The mass distribution of the car is given in Table 3 . An additional mass of 23.5 kg was given to represent the mass of small components and to round up the mass of the car to 300 kg so that frontal crash simulations with conditions as stated in the FSAE rules could be conducted.
Material Properties
The impact attenuator used in the race car was made of aluminum honeycomb (Plascore, Inc.) with properties and dynamic response (stress vs. volumetric strain) given in Table 4 and Figure 2 , respectively. Other components, such as the frame, were made of AISI 4130, while the anti-intrusion plate and cockpit were made of aluminum 5052-H34. Their properties are given in Table 5 . 
Finite Element Model
A finite element model of the race car is shown in Figure 3 . Frames, tires, antiintrusion plate and cockpit were all modeled by shell elements. The other components such as the impact attenuator and engine were modeled by solid elements, while the a-arms were modeled by beam elements. As for the driver, a finite element model of the Hybrid III 50th Percentile Male Sitting dummy was utilized. This model was jointly developed by LSTC (Livermore Software Technology Corporation) and NCAC (National Crash Analysis Center) at the George Washington University as available in [19] . The dummy is shown in Figure 4 .
A finite element model of the safety belt (Simpson ® ), consisting of 2 shoulder belts, 2 lap belts, 2 anti-submarine belts and a buckle, is shown in Figure 5 . The belts and the buckle were modeled by shell and solid elements respectively. The seatbelt was made of polyester with properties such as stress and strain curves as given in [20] . The contacts between belts and dummy were defined as CONTACT_AUTOMATIC_SURFACE_TO_SURFACE, with static and dynamic friction coefficients as 0.2 and 0.15, respectively. 
Frontal Crash Simulation
In the first step, a full-frontal barrier test was simulated, as illustrated in Figure  6 . In this test, the race car was run into a rigid wall with a given velocity, starting from 7 m/s until 15 m/s with 1 m/s increment. The dummy was represented by a mass element attached to the seat. Gravitational load was also applied to all elements. An accelerometer was put at the center of gravity to record the deceleration of the car. Channel frequency class (CFC) 60 was then used to filter the obtained curve.
In the second simulation, a sled test simulation, only the cockpit and dummy with seatbelt were modeled, as depicted in Figure 7 . Both the cockpit and the dummy were given the initial velocity and gravitational load. Then the cockpit was decelerated using the deceleration curve obtained from the previous test. Due to this deceleration, the head was accelerated to the front while the body was constrained by the seatbelt. The head acceleration curve obtained from this test was used to calculate the HIC 15 value. 
Validation
To check the accuracy of the simulation results, the reaction force in the rigid wall obtained from the full frontal barrier test was evaluated. A quasi-static test of the impact attenuator was conducted. The set-up is depicted in Figure 8 . As shown in the figure, an LVDT was used to measure the displacement while the reaction force (crushing force) was measured by the load cell. The results are shown in Figure 9 . The solid line represents the reaction force obtained from the simulation, while the dashed line represents the quasi-static test.
From the results it can be seen that the difference in mean crushing force between the simulation and the quasi-static test was around 16%. Moisey [21] in his study about honeycomb modeling found that the difference between dynamic simulation results and the quasi-static tests was around 20% to 30%. In a few cases the differences were 10%.
As shown in Table 4 , the crush strength of the impact attenuator was 2.82 MPa.
Since the contact area of the impact attenuator is known (0.02 m 2 ), the mean crushing force could be easily calculated. It was found to be 56,400 N. Comparing this value with the simulation result, the difference was only 6.4%.
From the above comparisons it can be concluded that the frontal crash simulation conducted in the present study could deliver good and reasonable results. 
Effect of Impact Speed
Typical head acceleration and car deceleration curves due to impact are shown in Figure 10 . It can be seen that when the car is decelerated, the head begins to accelerate. The head acceleration is then briefly suspended due to the seatbelt until 50 milliseconds. However, when the body is fully restrained by the seatbelt the head begins to accelerate again. This second peak of head acceleration is generally higher than the first peak. HIC 15 is calculated in this second peak. Table 6 shows the average and peak decelerations of the race car as a function of impact speed. It can be seen that at 7 m/s impact speed the impact attenuator could fulfill the criteria as regulated in the 2013 Formula SAE Rules, where the average deceleration and peak deceleration of the car should be less than 20 G and 40 G respectively. This is also true for an impact speed of 8 m/s, but not for impact speeds greater than that. It is also shown that there is a sudden jump in the peak deceleration value at impact speeds of greater than 9 m/s. This occurs because the honeycomb impact attenuator has been fully compacted and there is no more room for any deformation in the honeycomb.
From the acceleration curves as shown in Figure 10 , the HIC 15 values were then calculated for all impact speeds. Figure 11 shows the calculated HIC 15 values against impact speed.
From the figure it can be seen that at an impact speed of equal to or less than 11 m/s (39.6 km/h), the HIC 15 values were still below the IARV (700). However, starting from 9 m/s impact speed, the HIC 15 values steeply increased. This is due to the fact that the impact attenuator could no longer absorb the impact energy from that point on. The HIC 15 value goes beyond the safe limit when the impact speed is equal to or greater than 12 m/s (43 km/h). At this condition, the head may experience severe concussion.
Figure 10
Head and car deceleration curves due to an impact speed of 7 m/s. 
Conclusions
A study to evaluate the safety of ITB's FSAE race car and to analyze possible head injuries due to frontal collision was conducted. A reconstruction of frontal collision with an impact speed of 7 m/s to 15 m/s was made by developing a finite element model of the race car, a rigid wall, a dummy and a seatbelt. In the full frontal barrier test only the race car and rigid wall were modeled, without incorporating the dummy inside the car. The effect of impact speed on car deceleration was analyzed in this step. In the sled test simulation, only the cockpit, the dummy and the seatbelts were modeled, where the deceleration curves obtained from the full frontal barrier test were used as input. The effect of car deceleration on head injury was then analyzed.
From the results it was found that the impact attenuator of ITB's FSAE race car fulfilled the safety criteria as regulated in the 2013 Formula SAE Rules. Analysis of the effect of impact speed on the possibility of occupant head injury shows that HIC 15 values at an impact speed of 7 m/s (25 km/h) to 11 m/s (40 km/h) are still within the safe zone (below the IARV). However, the HIC 15 value will exceed the safe limit when the speed of impact is the same as or greater than 12 m/s (43 km/h).
